A histochemical method for demonstration of the cap== in skeletal muscle of birds is proposed. The present method, which is a modification of a previously reported myosin ATPase technique used for simultaneous staining of capillaries and fiber types, provides an accurate count of capillaries associated with different fiber types in avian skeletal musdes. We have applied the original and the modified method to serial adjacent sections of certain skeletal musdes and our results show that after the application of the original technique: (a) in muscles having dark Type Ii fibers, these fibers produce a masking effect on their adjacent capillaries: (b) a consistent and significant undetcounting in cap-
Introduction
Since Krogh's pioneering work in 1919, several techniques attempting to demonstrate skeletal muscle capillaries have been published. Some of them reveal the capillaries after perfusion of the vascular bed with different substances: India ink (Gray et al., 1983; George and Naik, 1960; Valdivia, 1958; Krogh, 1919) , toluidine blue (Mutungi, 1990) , a fluorescent dye (Hargreaves et al., 1990; Vetterlein and Schmidt, 1983) , or a silicone elastomer of very low viscosity (Plyley and Groom, 1975) . However, not all vessels are revealed by these different substances because, as is well known, not all capillaries are uniformly open at the same time. Other techniques are based on the staining of the erythrocytes in the capillary lumen (Heroux and St. Pierre, 1957) or of the capillary walls (Banchero, 1975; Romanul, 1965) . Methods involving the staining of red blood cells have the additional shortcoming that the thin slices of muscle tissue might include capillaries that do not contain erythrocytes (Plyley and Groom, 1975) , resulting in an undercount of the total number of capillaries.
Among the methods designed to avoid these difficulties, the perfusion-fixation technique (Mathieu-Costello, 1987 ,1991 and illary densities can be seen even in muscles having no dark Type II fibers; and (c) the staining quality and capillary count are substantially improved with the use of the modified method. We attribute the better results obtained with our modification to differences in thermosensitivity of ATPase activity h m the capillary endothelium and ofthe myofibers.
A mathematical treatment is therefore proposed to correct the values of capillary count obtained with the original method. (J h%tochem Cytdem 41:283-289, 1993) KEY WORDS: Bird skeletal muscle; Capillary density; Histochemical method.
classical histochemical methods, based on the enzyme characteristics of the capillary endothelial cells, have been preferentially used. These involve alkaline phosphatase (Bennett et al., 1991; Gomori, 1939) , amylase-PAS (Lundgren and Kiessling, 1988; Andersen, 1975) . the immunoperoxidase reaction for Ulex eumpaeus agglutinin (Paljmi and Naukkarinen, 1990) , several ATPase methods (Snyder, 1988 (Snyder, ,1930 Khan, 1979; Sillau and Banchero, 1977; Meijer, 1970) , and a combined ATPase and amylase-PAS method recently described by Hather et al. (1991) . Rosenblatt et al. (1987) described an ATPase technique in which they simultaneously demonstrated the capillaries and the myosin ATPase (m-ATPase) activity of muscle fibers in skeletal muscles of a variety of mammals. They found a 100% fiber-to-fiber correspondence for Type I1 fibers between the alkaline pre-incubation method of Kaiser (1969,1970) and their ATPase technique. They also demonstrated no significant differences in some capillary indexes comparing their technique with the amylase-PAS method.
We have applied the method of Rosenblatt et al. (1987) to several bird muscles (Viscor et al., 1991 (Viscor et al., ,1992 and have found that it is difficult to evaluate the exact capillary number in muscles with a high number of positive m-ATPase fibers (Type I1 according to Kaiser, 1969,1970) due to a masking effect produced by these very dark fibers over their adjacent capillaries.
In an attempt to avoid this effect, the present study introduces a modification of the method of Rosenblatt et al. (1987) that shows all the capillaries in contact with each fiber (either Type I or Type 11) clearly. In addition, we have found, at least in avian skeletal 283 muscles, that the original method considerably undercounts the total capillary number. This difference, due to variations caused by pre-incubation temperature, may be related to the optimal temperature of the endothelial ATPase enzyme activity. A mathematical factor is derived for the correction of the values obtained with the original technique of Rosenblatt et al. (1987) .
Materials and Methods
Skeletal muscle samples from two adult domestic pigeons were used for this study. Animals were anesthesized with sodium pentobarbital (75 mg/kg body weight) and M. pectoralis, M. triceps scapulohumeralis, M. pronator superficialis, M. gastrocnemius lateralis, and M. extensor metacarpi radialis [according to Vanden Berge (1979) nomenclature] were dissected out. The samples were quickly frozen in isopentane pre-cooled with liquid nitrogen (Dubowitz and Brooke, 1973) and stored at -160'C in liquid nitrogen until processing. Serial sections of each muscle (14 pm thick) were obtained in a cryostat (Frigocut; Reichert-Jung. Heidelberg, Germany) at -24%. Sections were mounted on gelatinized slides and processed in two sets: the first was processed according to the original method of Rosenblatt et al. (1987) using the buffered fixative described by Guth and Samaha (1970) , whereas the second set was processed with the following modification. The fixation temperature (the first step of the Rosenblatt technique) was 25'C instead of 4°C. This higher fixation temperature inhibited the m-ATPase activity, avoiding the masking effect mentioned above. However, the capillary ATPase activity was apparently not inhibited at this temperature. To check this, serially adjacent sections were fixed at 4°C and 25"C, respectively and, after the same fixation period (5 min), the sections were placed in the same incubation medium (at 40"C, which is physiological temperature for birds), rinsed and stained together, and finally mounted in a glycerol droplet. The M. pectoralis, M. gastrocnemius, and M. triceps sections were used for this purpose because the Type I1 fibers in these muscles have only slight stain. and thus it is possible to count all the capillaries around each fiber even after f i t i o n at 4'C. To obtain an appropriate number of values for a correct statistical treatment, right and left muscles from each pigeon were processed. These muscles were sectioned at two levels, 1 mm apart, and at each level two fields were randomly chosen to count the capillary (CD) and fiber densities (ED), expressed as capillaries and muscle fibers per mmz of muscle section. This data-processing protocol yielded 16 values for each type of muscle. Capillary-to-fiber ratio (C/F) was also calculated. To evaluate possible differences in fiber dimensions between the two pre-incubation temperatures, cross-sectional area and perimeter of two hundred fibers for each muscle, from four randomly selected fields, were measured on photographs by means of a digitizer table (Calcomp 23180-4; Calcomp, Anaheim, CA) connected to a personal computer using suitable software (Sigma-Scan; Jandel Scientific, Erkrath, Germany). Mean values and standard error were calculated from all the data obtained for each muxle.
Owing to the very dark staining of the Type I1 fibers in M. extensor metacarpi and M. pronator sections, samples from these muscles were photographed to show the difficulties in counting the capillaries around this fiber type.
All morphological data were obtained from micrographs of different muscle sections taken at a magnification of x 200 by using a light microscope (Dialux; Leitz, Wetzlar, Germany) equipped with a camera (Wild MPS51; Wild, Heerbrugg, Switzerland). A micrograph of a stage mkrometer was recorded for calibration.
To M. gastrocnemius. To determine whether the undercounting observed at 4'C is a muscle-dependent value or rather is due only to methodological causes, the following procedure was carried out: T4/T25 ratio data for capillary density were normalized using the transforming arcsin(fT) function ( Sokal and Rholf, 1981) , which allows a direct application of a one-way ANOVA. Finally, a linear regression for all data from all muscles obtained by both staining techniques was calculated.
Results
In muscles having Type I1 fibers in which the histochemical m-ATF'ase staining was very dark (M. extensor metacarpi and M. pronator), differences between the two pre-incubation temperatures were sharply demonstrated in micrographs, as can be seen in Figures  1-4 where the same field sections of these two muscles are shown after processing by the original and modified methods. These micrographs clearly showed that dark fibers produce a total or partial masking effect over their surrounding capillaries, making it especially difficult to count capillaries between two dark fibers. Because these ddferences in capillary density estimation between sections pre-incubated at 4'C and 25'C were evident, they were not calculated for these muscles.
In the other three muscles used for this study (M. pectoralis, M. triceps, and M. gastrocnemius) dark fibers were only slightly stained or absent, as can be observed in Figures 7-12, where the same field of serial adjacent sections is shown for each pre-incubation temperature set. This allowed the calculation of the capillary density in the same fields from serial adjacent sections at both preincubation temperatures and comparison of the results obtained in each case.
In all of the 48 fields in which capillaries were counted (16 fields for each of the three muscles) the count was always lower in sections pre-incubated at 4°C than in those pre-incubated at 25°C. Table 1 shows the means of the capillary densities for each muscle grouped in the two sets of sections, and it can clearly be deduced that sections pre-incubated at 4'C have lower capillary densities than those pre-incubated at 25°C. If a paired mean values comparison test is performed between data obtained from the t w o preincubation temperature sets, significant differences are observed for each muscle with the very low probability values shown in Table 1. T4/T25 ratio mean values seem to indicate that there is an almost constant capillary undercounting in the three muscles when sections are pre-incubated at 4'C. This was confirmed by the ANOVA results (F = 1.051; d.f. = 2,45; p = 0.358). No significant differences were detected between the three muscles. This allows the calculation of the linear regression equation plotted in Figure 13 .
This undercounting on capillary density cannot be explained by changes in fiber size or sectional area, as can be deduced from values in fiber density (Eble I), which are virtually equal after the two pre-incubation temperatures, and also from measured values 1-6. Micrographs from serial adjacent sections of the same field from pigeon muscles processed after pre-incubation at 4OC (Figures 1, 3. and 5) and 25OC (Figures 2, 4. and 6) . Figures 1 and 2 of cross-sectional fiber area and perimeter in the different muscles ( Table 2 ). Because of the stability of fiber density values after both procedures, capillary-to-fiber ratio values maintain a similar trend, as do capillary density values ( Figure 14 and Table 1) .
Capillary density undercounting is not the only difference between the original and modified methods. There is also a remarkable qualitative difference between sections stained after 4°C and 25°C pre-incubation temperatures, as can be seen in Figures 7-12 and in Figures 5 and 6 , where the same field sections are shown at high magnification. The capillary cleanness, and even its presence, is better seen in sections pre-incubated at 25'C than in those pre-incubated at 4°C. Thus, in many cases, capillaries that are present in sections processed by the modified method are stained only slightly or not at all in sections pre-incubated at 4'C. (Figures 7, 9, and 11) and  25OC (Figures 8.10, and 12). Figures 7 and 8 are from M. pectoralis. Figures 9 and 10 are from M. triceps scapulohumeralis. Figures 11 and 12 
Discussion
The present article proposes a modified technique suitable for demonstration of the capillary network in avian skeletal muscle. The method is a modification of that published by Rosenblatt et al. (1987) , which is in tum a combination of two previously reported techniques (Meijer and Vloedman, 1980; Meijer, 1970) . The histochemical bases of the staining reaction are those reported by Meijer (1970) and Meijer and Vossenberg (1977) and quoted by Rosen-blatt et al. (1987) . Briefly, ATP present in the incubation medium is hydrolyzed by capillary endothelial ATPase, which is revealed by the deposition of lead sulfide. The formalin fixation medium prevents the sections from wrinkling and shrinkage.
The modification of the method of Rosenblatt et al. (1987) is a change in pre-incubation temperature (25°C instead of 4°C). This apparently slight modification yields marked differences in the final staining, inhibiting the m-ATPase activity of the skeletal muscle fibers, whereas the capillary ATPase activity is not only main- 
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tained at this temperature but is also better demonstrated and even enhanced.
The causes of these differences can be only hypothesized, since at present it is not certain which capillary component is responsible for the hydrolysis of ATP. After excluding alkaline phosphatase (Padykula and Herman, 1955) , only a few functional properties are known, such as its resistance to acid pre-incubation, sulfhydrylindifferent behavior in the presence of mercaptide-forming agents (Freiman and Kaplan, l960) , and its activation by several cations (Zn*+, Pb2+, Ca2+, Me2+) . From our results, it can be assumed that a 25°C fixation temperature favors the capillary ATPase staining, which evidences a marked thermosensitivity of the ATPase activity from this endothelial factor. This was observed not only after incubation at 37'C, which gives better results than at 22'C as reported by Rosenblatt et al. (1987) , but also after a higher fixation temperature, as our results demonstrate.
The modification of ATPase activity due to changes in preincubation temperature has two main consequences: first, avoidance of the masking effect caused by very dark-stained Type II fibers, which allows the counting of the capillaries surrounding these fibers; and second, an increase in the total number of capillaries demonstrated in each section, an effect that is not related to the nature or fiber composition of the musde studied, the differences between the two methods being consistent and statistically significant in all cases (Table 1 ). These differences in capillary density values cannot be attributed to thermal shrinkage or swelling of muscle tissue, as can be deduced from values of fiber density, fiber crosssectional area, and perimeter (Ebles 1 and 2). Capillary-to-fiber ratio, a parameter insensitive to alterations in tissue dimensions, further reflects the differences in capillary density obtained by the two procedures (Table 1 and Figure 14) .
The bias associated with the original method of Rosenblatt et 
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Fiber perimeter (pm) al. (1987) is clearly reflected in the T4/T25 ratio, and values obtained from this comparative index are homogeneous for the entire range of capillary densities in all the muscles studied, as can be deduced from ANOVA results. The absence of significant differences in undercounting capillary densities between the three muscles demonstrates that the method is consistent, since the differences obtained for the two pre-incubation temperatures are not subject to any specificity linked to the characteristics of the muscles, but rather are due to methodological causes. The high range of capillary density values was due to the fact that fields for sampling were randomly chosen, and differences in capillary densities between fields are associated with the well-known spatial structural heterogeneity of muscle (George and Talesara, 1960; George and Naik, 1959) . This wide scope of capillary density values, in addition to the above mentioned homogeneity in the T4/T25 index, permits the calculation of a regression equation that relates the results obtained by the two methods and allows the interpolation of corrected values for data ( Figure 13 ).
An additional difficulty was found when the original method of Rosenblatt et al. (1987) was developed for skeletal bird muscles: Type I1 fibers present in some bird muscles are not as darkly stained as Type I1 fibers from mammalian muscles reported by Rosenblatt et al. This can be clearly seen in Figure 7 , where a micrograph from an M. pectoralis slide is shown. As is well known, pigeon M. pectoralis has only Type I1 fibers (Li et al., 1988; Rosser and George, 1986; Talesara and Goldspink, 1978) . Unexpectedly, all M. pectoralis fibers are only slightly or not stained by the original method of Rosenblatt et al. (1987) . These findings suggest that both capillary density and correct fiber typing of some bird muscles cannot be carried out on the same slides by the original method. This agrees with the finding ofRosenblatt et al. (1987) , who reported that their method is not useful for either human or rabbit skeletal muscles.
In conclusion, we have found that the method of Rosenblatt et al. (1987) for simultaneous visualization of capillaries and fiber typing presents problems when used in some bird skeletal muscle samples, since it leads to undercounts of the total capillary number and, in some muscles (i.e., M. pectoralis), fiber-typing correspondence with other classical methods Kaiser, 1969,1970) is not present. Nevertheless, when fixation temperature is increased from 4°C to 25'C the method becomes a very useful tool for the clear demonstration of the capillary network and allows the calculation of several capillary parameters and other morphometrical ones such as fiber area, fiber perimeter and diffusion distances (Viscor et al., 1992) .
